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Summary. - Solar wind phenomena leading to different types of geomagnetic ac- 
tivity are discussed. The solar and interplanetary causes and the physical processes 
leading  to: magnetic storms, substorms, geomagnetic quiet and the dayside aurora 
will be  reviewed. Some plasma processes  leading to auroras will be  discussed. 

PACS 94.30 - Physics of the magnetosphere. 
PACS 96.50 - Interplanetary space. 

1. - Introduction 

There  are a variety of different  physical  mechanisms  responsible for transferring  solar 
wind energy and  momentum  into  the  Earth’s  magnetosphere.  The  dominant  mechanism 
for magnetic  storms  and  substorms is  generally  agreed to be magnetic  reconnection,  inter- 
connection between interplanetary  and  planetary fields. For lesser intensity  geomagnetic 
activities,  there are  numerous  other  mechanisms.  One of these. cross-field, diffusion due 
to resonant  wave-particle interactions will be addressed in detail. 

Plasma  instabilities  within  the  Earth’s  magnetosphere lead to electromagnetic  and 
electrostatic wave growth,  concomitant  particle pitch  angle scattering,  and loss of parti- 
cles into  the  ionosphere. Ionospheric atoms  and molecules  excited by the  precipitating 
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particles  quickly  decay.  giving o f f  the  characteristic  aurora borealis (northern  lights)  and 
aurora  australis  (southern  lights)  near  the  magnetic poles. 

The purpose of this  paper is t,o briefly review the  mechanisms for injecting  anisotropic 
plasmas  into  the  magnetosphere. For a review of magnetosphere  plasma processes, we 
suggest articles in “From  the  Sun:  Auroras,  magnetic  storms,  solar  flares,  cosmic  rays” 
by Suess and  Tsurutani [l]. A review  of magnetic  storms  can be found in Gonzalez et 
al. [2]. 

2. - Magnetic Reconnection 

A schematic for magnetic  reconnection at  Earth is shown in Fig. 1. The  magnetic 
field of the  Earth  has  its  south  magnetic  pole in the  north  and vice-versa. Thus,  the 
sunward  side of the  magnetopause  has  magnetic fields that  are  directed  from  south- 
to-north. Because magnetic  reconnection  occurs between  oppositely  directed fields, a 
southwardly  oriented  interplanetary  magnetic field will interconnect  with  the  Earth’s 
magnetic field at  the  magnetopause nose. 

The  solar wind normally flows radially  outward  with  speeds of -400 km s-’. The 
solar  wind  plasma p (87rnkT/B2) is -1.0. After  reconnection,  the  embedded,  connected, 
magnetospheric fields are  dragged in the  antisolar  direction by the  solar  wind.  The fields 
reconnect in the  tail  and  the  magnetic  tension  convects  the fields and  plasma  towards 
the  nightside of the  Earth.  The  plasma is betatron  accelerated by the  above  convection, 
increasing  the  temperature/energy of the  plasma  in  the  component  perpendicular  to B. 

-. 

3. - Particle motions, plasma instabilities 

After  the  plasma is convected into  the  dipolar  magnetic field regions of the  Earth’s 
magnetosphere,  the  ions  and  electrons  are  subjected  to  the  conservation of three  adia- 
batic  invariants  involving  the  particle  cyclotron,  bounce  and  drift  motions.  These  particle 
motions  are  illustrated in Fig. 2. The  Earth’s  magnetic field is essentially  a  magnetic 
bottle  with  the two ends of the  bottle in the  northern  and  southern  hemispheric iono- 
spheres.  Particles  gyrate  about  the  magnetic field in a cyclotron  motion.  Particles  with 
pitch  angles  other  than 90’ “bounce”  between  their  two  mirror  points.  Magnetic field 
gradients  and field curvature  lead  to  azimuthal  drift.  Protons  and  other  ions  drift  from 
midnight  towards  dusk,  and  electrons  drift  from  midnight  towards  dawn.  Thus,  a  ring 
of current  (called  the  “ring  current”) is formed. 

The  plasma  temperature  anisotropies  created by the  nightside  inward  convection lead 
to  a “loss-cone” instability  and  growth  of  plasma waves. A type of electromagnetic wave, 
called chorus, is shown in Fig. 3. These waves propagate in the  whistler  mode.  The 
waves resonantly  interact  with  electrons  and  pitch  angle  scatter  them  towards  isotropy. 
Particles  scattered  into  the “loss cone” will have their  mirror  points lowered to  deep 
within  the  ionosphere/atmosphere.  These  electrons lose their  kinetic  energy  via  collisions 
with atoms  and  molecules,  and  they  do  not  return  to  the  magnetosphere. Most of the 
precipitating  energetic  particle  energy goes into  atomic  and  molecular  excitation,  and 
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with subsequent  decay,  characteristic  photons are emitted which define the  aurora.  Only 
a  small  amount of the energy is emitted in bremsstrahling  x-rays. 

Besides the  aurora,  there  are  other  signatures of magnetic  storms  and  substorms  (from 
the  term  “substorms”  it is clear that they were originally  thought to be a  fundamental 
element of a  magnetic  storm [3]). For magnetic  storms,  there  are  magnetic  deviations 
measured at  Earth  due  to  the  enhanced  ring  current  (discussed  earlier).  This  current is a 
diamagnetic  one  and  thus  it  causes  decreases in the  horizontal  component of the  Earth’s 
field, measured at  the  equator.  The 1989 “great”  storm was particularly  large,  with  a 
maximum  decrease of -589 nT.  The  Earth’s  magnetic field at  the  equator is - 0.3 X lo5 
nT.  Thus for this  event,  the  geomagnetic field change at  the surface of the  Earth was on 
the  order of - 2%. The phase of a  storm where the  ring-current is growing is called  the 
“main  phase”  (shown in Fig. 4). The loss of ring  current  particles  (by  charge  exchange, 
Coulomb  scattering  and  wave-particle  interactions) defines the recovery phase [4]. The 
loss rate is dependent on the  particle’s  pitch  angle,  energy,  and  location  relative to  the 
Earth.  The general  time scale is typically  hours. 

4. - Magnetic storms 

During  solar  maxima,  fast  ejecta  coming  from  the  Sun  are  often preceded by a  forward 
shock. The high velocities (-600 to 1000 km s-l) and  the high densities  (an  increase 
from  a  nominal  5  cm-3 to 10-20 ~ m - ~ )  at  the shock are  associated  with  a very  large  solar 
wind ram pressure  increase.  This  solar wind  compression of the  magnetosphere  (pressure 
balance is obtained)  causes  the  “initial  phase” of the  storm  (Fig. 4) detected at  Earth. 

There  are several sources for the  southward  interplanetary fields leading to  magnetic 
reconnection.  During  solar maximum,  fast  interplanetary  coronal  mass  ejections  (ICMEs) 
and  bteir  associated  upstream  shocks  and  sheaths  are  the  primary  cause. The two  pri- 
mary regions that  contain  intense  magnetic fields (which  may or may  not be southward 
oriented) is the  sheath region  between  the shock and  the  solar  ejecta  proper,  and  also 
the  ejecta  itself. A schematic of this is shown in Fig.  5.  The  Sun is on  the  left. 

Figure 6 shows an  interplanetary  event  where  part of the  solar  ejecta  had  a  strong 
southward field. Note as the Bz component  turns  negative  (southward),  the  ring-current 
increases (DST decreases).  This is an  empirical  confirmation of the  reconnection mech- 
anism.  The DST decrease profile is similar  to  the  negative Bz profile. 

Figure  7  illustrates  a case  where interplanetary  sheath Bs fields lead to  the ring- 
current/storm  main  phase. The fields upstream  of  the shock are  oriented  southward. 
The shock  compresses  this field, leading  to intensified B s ,  and  presumably  intensified 
magnetic  reconnection. 

5. - Substorms 

In the  declining  phase of the  solar cycle, the  main  cause of geomagnetic  activity is 
corotating  streams. Ulysses determined  that high-speed  (750-800  km s a l ) ?  continuous 
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streams  emanate from  coronal holes  [SI. The  streams  contain large amplitude  nonlinear 
Alfvln waves propagating away  from the  Sun [6] [7]. 

These high-speed streams  overtake slower  speed streams. At the  interaction  interface, 
the  magnetic field  is compressed and  the  plasma  density  and  temperatures  are  enhanced. 
This interaction region has been called a corotating  interaction region (CIR), because 
it  “corotates”  with  the  Sun. An example is shown in Fig.  8.  The Bz field component 
within  the  CIR is highly  fluctuating.  Note  that  the  magnetic  storm  amplitude ( D s T )  is 
correspondingly  smaller  than  previous  examples,  and  irregular in form. 

There is typically  no  forward  shock  leading  the CIR  at 1 AU.  Shocks  are  generally 
formed  much  farther  from  the  Sun [8]. The slower  speed stream  contains high density 
plasma.  The  compression  due  to  the high-speed stream  interaction  leads  to  a  further 
density  intensification.  Thus,  the  high-density  (low  speed) region  causes  increased ram 
pressure as it  impinges  on  the  magnetosphere,  causing  the  storm  “initial  phase”.  Large 
amplitude  Alfvln waves are  present in the  high  speed  stream  proper.  The  transverse 
fluctuations  are  assumed  to be random in direction. However, when the Bz component 
turns  southward,  magnetic  reconnection  occurs  and,  after  some  delay,  the  ionospheric 
auroral  electrojet intensifies (an  indication  of  a  substorm).  Figure  9  shows  an  example 
of this.  There is a  sequence of southward  turnings of the  interplanetary  magnetic field 
Bz component,  and  a  corresponding  set of AE (auroral  electrojet  index)  increases. 

Substorms  occur  primarily in the  midnight  sector of the  magnetosphere. The process 
is similar to  that of magnetic  storms  (for  a  discussion of the  substorm-storm  relationship, 
see Kamide et  al. [9]).  There is particle  injection  from  the  tail  region,  but  the  intensity 
of the  plasma  injection is much smaller  than  for  storms.  There is correspondingly a small 
increase in the  ring  current  (a DST decrease)  with  each  substorm. 

A continuous  series of auroral  substorms is called  a  High  Intensity  Long-Duration 
Continuous  Auroral  Activity  (HILDCAA)  event. Because the high-speed stream  (and 
Alfv6n waves)  occur just sunward  (later in time) of the  corotating  interaction  region, 
HILDCAAs  occur  after  the  small  storm  caused  by the  CIR.  Thus  the  continuing  activity, 
which is associated  with  small  plasma  injections,  makes  it  appear as if the  ring  current 
decays  quite slowly (the  substorm  intensities  abate  gradually  due  to  the  gradual  decrease 
in Alfven wave amplitudes).  In  actuality, a HILDCAA  event  represents  a  series of pulsed 
plasma  injections, so the  apparent  long  decay is really  due  to  additional  injection  events 
with  diminishing  intensities [lo]. 

It  has recently  been  shown that  during 1974,  HILDCA.4s  associated with  two cor- 
tating high-speed streams led to  an average  auroral  energy higher than  during 1979, a 
year of solar  maximum [IO]. 

6. - Geomagnetic quiet 

Geomagnetic  quiet refers to  the  absence of magnetic  storms  and  large  substorms. 
The  interplanetary  causes of geomagnetic  quiet  are different during different phases of 
the  solar cycle. During  solar  maximum,  intense  northwardly  directed  interplanetary 
magnetic fields and  the lack of magnetic  reconnection  lead  to  an  energy  input  into  the 



SOLAR/INTER.PLANETARY  PLASMA  PHENOMENA ETC. 5 

magnetosphere 100 to 30 times less than  periods of intense  southward fields [I  I]. The 
intense  northward fields are  often  found in ICMEs.  During  the  declining  phase of the 
solar  cycle,  the  far  trailing  portion  of  high-speed  streams/beginning of the  heliospheric 
current  sheet  plasma  sheet [12] is characterized by  low field intensities (3-5 nT) ,  low solar 
wind  speeds ( <  350 km s-l) and  an absence  of field fluctuations.  These  conditions  also 
lead to  geomagnetic  quiet [lo]. Although  the  interplanetary  conditions for these  two 
cases are  quite  different,  one  common  feature is the lack of southward fields, and  thus, 
geomagnetic  quiet. 

7. - Dayside aurora 

It was previously  mentioned that  plasma  gets  injected  into  the  nightside  magneto- 
sphere  during  storms  and  substorms.  The  injections  and  the  instabilities  leading  to 
particle  precipitation  and  auroras in the  midnight  sector  are  episodic (however during 
storms,  the  particles  eventually  spread  throughout  the  magnetosphere). 

In contrast,  there  are  also  auroras  on  the  dayside.  This  latter  phenomenon is at  lower 
intensity levels than  that in the  nightside,  and is a more-or-less  ever-present feature of 
the  dayside  ionosphere.  What  physical process creates  this  aurora?  There have  been a 
number of theoretical  ideas  suggested.  I will review  one particular  mechanism,  that of 
cross-field diffusion. 

Figure 10 illustrates ion fluxes in the  magnetopause  boundary layer [13]. The  solar 
wind  consists  primarily of protons  with - 4% He++  ions.  There  are  also  trace  amounts of 
highly  ionized carbon,  nitrogen  and oxygen  ions present.  These  minor  ions  are  extremely 
useful in identifying  the  origins of the  plasma.  In  Fig. 10, the  He++  and  CNO  group 
ion flux levels are  high  in  the  sheath  behind  the  Earth’s bow shock and  they  decreases 
gradually across the  boundary  layer.  Clearly,  the  ions  are  being diffused across magnetic 
field lines. 

Singly  ionized  oxygen and  helium ions have an  ionospheric  source.  Processes (not 
described)  have led to their  energization to  the 10s of  keV energy  range (and  higher). 
These  particles  are  present in the  magnetosphere.  In  Fig. 10, O+ and He+  ion fluxes are 
high in the  magnetosphere  and  decrease  across  the  boundary  layer.  These ions are  being 
diffused outward. 

Plasma waves are  detected  in  the  magnetopause  boundary layer (Fig. 11) which  have 
both  electric  and  magnetic  components.  The waves have apparent  broad  band  spectra 
and  are believed to  be  electromagnetic  whistler  mode  plus  electrostatic waves [14]  [15]. 
Recent results [16] indicate  that  the  “electrostatic  component”  may  be  due  mainly  to 
discrete  “electron  hole”  events. 

The Pederson mobility of particles in a  direction  perpendicular  to BO is given as 

[17]. From  Rose and  Clark [Id], we have an  expression for cross-field transport 
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where c is the  speed of light, Q the  cyclotron  frequency, e the  particle  charge,  and re// 
the effective collision time. 

Assuming  cyclotron  resonant  interactions  between waves and  particles in the  bound- 
ary  layer,  the  pitch  angle  scattering diffusion is given as 

for magnetic  and  electric wave components,  respectively 1191. Tsurutani  and  Thorne [20] 
have  derived  an  expression for cross-field diffusion,  assuming that  the effective collision 
time is much  larger than C2-l. They  obtained: 

where Dm,, , the  Bohm diffusion rate, is defined as Elc/2eBo. 
Representative  magnetosheath values were applied  and it was  shown that  the waves 

had sufficient intensity  to  cause  rapid diffusion of magnetosheath  plasma  into  the  mag- 
netosphere  and  the  formation of the  boundary  layer at  the  Earth’s  magnetopause. Using 
the  measured  particle fluxes in the  boundary  layer,  it was  found that  the  pitch  angle  dif- 
fusion rates for electrons  and  protons were near  the  strong diffusion limit.  The  calculated 
fluxes were shown to be sufficient to create  the  dayside  aurora (- 1 erg  cm-’ s-l). 

* * *  

Portions of this work were done at  the  Jet  Propulsion  Laboratory,  California  Institute 
of Technology under  contract  with  National  Aeronautics  and  Space  Administration. 
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h P P E N D t X  A. 

Figure captions 

Fig. 1. - A schematic of magnetic  reconnection  between  interplanetary  magnetic  fields 
and  magnetospheric fields. This process leads to  plasma  injection  into  the  nightside 
magnetosphere. 
Fig. 2. - Charged  particle  motion in the  Earth’s  magnetic fields. 
Fig. 3. - An example of electromagnetic  “chorus” waves generated by the  electron loss 
cone  instability. 
Fig. 4. - The  three  phases of a  magnetic  storm:  initial,  main,  and recovery. The  storm 
profiles and  causes  are different during  solar  maximum  and  solar  minimum.  Magnetic 
deviations  due  to  the  ring  current  can be - 1 - 2% of the  Earth’s field. 
Fig. 5 .  - A schematic of an  interplanetary  coronal  mass  ejection  (ICME)  plus  upstream 
shock and  sheath. 
Fig. 6. - An  ICME  event  with  an  embedded  magnetic  cloud.  The  magnetic  cloud’s 
southward fields lead to  the  storm  main  phase  through  the  magnetic  reconnection  process. 
The  interplanetary  shock is denoted by an “S”. 
Fig. 7. - Interplanetary  shock/sheath fields that lead to a storm  main  phase. 
Fig. 8. - A  fast  stream-slow  stream  interaction:  compressed  magnetic fields. Due to  the 
high variability in B z ,  this  CIR  causes  only  a  minor  magnetic  storm. 
Fig. 9. - Large  amplitude Alfv6n wave Bs fluctuations  causing  substorms ( A E  increases) 
and  small  ring  current  increases ( DST decreases). 
Fig. 10. - Diffusion of magnetosheath  and  magnetospheric  ions across the  magnetopause 
boundary  layer. 
Fig. 11. - Plasma waves within  the  magnetopause  boundary  layer. 
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